Background: Tier 1 exposure tools recommended for use under REACH are designed to easily identify situations that may pose a risk to health through conservative exposure predictions. However, no comprehensive evaluation of the performance of the lower tier tools has previously been carried out. The ETEAM project aimed to evaluate several lower tier exposure tools (ECETOC TRA, MEASE, and EMKG-EXPO-TOOL) as well as one higher tier tool (STOFFENMANAGER ® ). This paper describes the results of the external validation of tool estimates using measurement data. Methods: Measurement data were collected from a range of providers, both in Europe and United States, together with contextual information. Individual measurement and aggregated measurement data were obtained. The contextual information was coded into the tools to obtain exposure estimates. Results were expressed as percentage of measurements exceeding the tool estimates and presented by exposure category (non-volatile liquid, volatile liquid, metal abrasion, metal processing, and powder handling). We also explored tool performance for different process activities as well as different scenario conditions and exposure levels. Results: In total, results from nearly 4000 measurements were obtained, with the majority for the use of volatile liquids and powder handling. The comparisons of measurement results with tool estimates suggest that the tools are generally conservative. However, the tools were more conservative
Introduction
To facilitate regulatory risk assessment in the European Union under REACH, a number of simple Tier 1 screening tools have been developed for estimating occupational inhalation exposure: ECETOC TRA, MEASE for metals and inorganic substances, and the EMKGExpo-Tool (ECHA, 2016) . Tier 1 tools are designed to easily identify situations that may pose a risk to health through conservative exposure predictions. Some higher tier and more complex tools are also available such as STOFFENMANAGER ® (Schinkel et al., 2010) and the Advanced REACH Tool (ART; Tielemans et al., 2011) .
A detailed description of the tier 1 and other models can be found in the guidance documents produced by the European Chemical Agency (ECHA; ECHA, 2016) . In addition, Hesse et al. (2015) provided a conceptual evaluation of the tier 1 models and STOFFEN-MANAGER ® recommended for use under REACH. The development of these tools has been done more or less independently. Briefly, the ECETOC TRA tool is based on the use descriptors used for processes (PROCs) used under REACH. Initial exposure estimates are derived from Estimation and Assessment of Substance Exposure (EASE) model (Bredendiek-Kämper, 2001 ) adapted to more recent exposure experiences (ECETOC, 2009 ). The initial exposure estimates are subsequently modified based a number of exposure modifiers (e.g. operational conditions, risk measurement measures, personal protective equipment). MEASE is based on a modified version of the ECETOC TRAv2 tool and was developed to specifically address exposure to metals and other inorganic substances (Hesse et al., 2015) . The EMKGExpo-Tool was developed based on COSHH Essentials ('Control of Substances Hazardous to Health'), which is based on expert assessments by occupational hygienists (Maidment, 1998) . STOFFENMANAGER ® is not listed as a Tier 1 tool in the ECHA guidance (ECHA, 2016) but was originally designed as a risk prioritisation tool for small and medium sized enterprises and hence for this study was also considered as a screening tool. STOFFENMANAGER ® is a web-based tool, consisting of a control banding tool (dermal and inhalation), a control banding part designed especially for exposure to engineered nanoparticles (inhalation) and two quantitative inhalation exposure parts (general and REACH specific) (Hesse et al., 2015) . STOFFENMAN-AGER ® is based on the algorithms that were originally developed by Cherrie and Schneider (1999) . The algorithms incorporate information on the process, physical-chemical information, and mass balance to produce a semi-quantitative exposure estimate (Tielemans et al., 2008) . These semi-quantitative estimates are subsequently used to derive quantitative exposure estimates based on a calibration with measurement data (Schinkel et al., 2010) . Whilst calibration can provide some level of confidence, a proper validation and/or evaluation of the tool can only be provided by comparison of the tool estimates of exposures against an independent set of measurement data (Kromhout, 2002; Tischer et al., 2003; Marquart et al., 2007; Schinkel et al., 2010; Tielemans et al., 2011; Tischer et al., 2017) ideally covering a wide range of exposure scenarios and agents.
A number of small-scale validations of the exposure tools used under REACH and their forerunners have been carried out. Most of these studies considered the EASE model (Bredendiek-Kämper, 2001; Creely et al., 2005; Hughson and Cherrie, 2005; Johnston et al., 2005) and control banding tools, in particular COSHH Essentials developed by the Health and Safety Executive (HSE) in the UK (Tischer et al., 2003) . In general, predictions by EASE were consistently higher than or similar to exposure measurement data, with the predictions by control banding systems also reported to err on the side of safety. However, several of the studies reported situations where the tools underestimated exposure (Tischer et al., 2003; Jones and Nicas, 2006; Lee et al., 2009; Kindler and Winteler, 2010; Lee et al., 2011) .
Validations of STOFFENMANAGER ® against external measurement data found that it overestimated exposure in the majority of cases, with underestimation for some powder handling and machining processes (Koppisch et al., 2011; Schinkel et al., 2010; Vink et al., 2010) . Evaluations of the ECETOC TRA tool for occupational exposure reported that the tool generally overestimated exposures (Vink et al., 2010; Kupczewska-Dobecka et al., 2011; Hofstetter et al., 2013) .
The ETEAM project aimed to evaluate the lower tier exposure tools (including STOFFENMANAGER ® Tischer et al., 2017) . This paper presents the results of the comparison of the tool estimates with measurement data to determine the external validity of the tools. As the lower tier tools are designed to provide conservative estimates, the main aim of the comparison was not to determine the accuracy of the tool estimates, but rather to determine the level of conservatism.
The following tools for estimating occupational inhalation exposure were included in the validation exercise:
• the ECETOC Targeted Risk Assessment v2 and v3; • STOFFENMANAGER ® v4.5; • the EMKG-EXPO-TOOL; and • MEASE v1.02.01 (MEASE).
Since version 3 of the ECETOC TRA tool became available shortly after the start of the project, both versions were included to document whether the update improved performance for the specific tool. Version 4.5 of STOFFENMANAGER ® was used in this analyses as this was the version available during the project. [STOF-FENMANAGER ® is a continuous development platform and the algorithms in its most recent version can be found at www.stoffenmanager.nl.]
Estimates obtained by ECETOC TRAv3 represent the 75th percentile of the exposure distribution (ECETOC, 2012) , although TRAv2 outputs are assumed to represent the 90th percentile according to ECHA guidance R14 (Hesse et al., 2015) . MEASE provides a point estimate of exposure, while EMKG-EXPO-TOOL produces an exposure range. 
Methods
Exposure measurement data and associated contextual information required for coding the exposure determinants used in the models were obtained from a range of providers in Europe and the United States. Contextual information was generally collected as free text information describing the process and activity, operational conditions, including the duration of exposure, the use of control measures, and any physical-chemical information on the substance. We developed a set of criteria for selecting appropriate data. First, we limited data collection to cover a set of common process activities (PROCs) which were considered to be in scope for all tools. In addition, we excluded substances that were not considered relevant for REACH (e.g. process generated exposures such as wood dust) as well as measurements of respirable dust, gases, and mists. For samples analysed for multiple analytes, we included only one randomly selected analyte. Only results from personal measurements were considered. Both individual measurement points and aggregated data, for which we obtained summary statistics for a set of measurements carried out on the same or similar activities, were collected. Finally, when available measurement results were previously used during the development and/or calibration of a tool these were excluded from the corresponding evaluations.
[The results presented in the ETEAM report on the external validation published by BAUA (http://www.baua.de/en/Publications/ExpertPapers/F2303-D16.html;jsessionid=28D7A7B09F026 BACC0C370B134D2E45F.s1t1) included some data that had been used for calibration of STOFFENMAN-AGER ® ; these data have been excluded from the present analyses.]
The data were entered into a Microsoft Access database, which incorporated parameter input masks for each of the tools. The exposure situation descriptions were coded into the tools by a team of experienced exposure scientists (n = 5) to generate exposure estimates. Coders selected the best-fit tool input option, according to specific guidance developed for the project. Where there was insufficient information to determine an input parameter, agreed mid-range default values were used; e.g. medium dustiness. A random selection of situations (10%) was blindly re-coded by an exposure scientist not previously involved, and any discrepancies were investigated and corrected across the whole database. Inputs for the following parameters were cross-checked between tools to ensure consistency: molecular weight, vapour pressure, dustiness, concentration in preparation, PROC code/handling description, presence of LEV, and exposure duration. Identified inconsistencies were checked against situation descriptions within the database, and where necessary corrected.
The decision tree for EMKG-EXPO-TOOL and algorithms from STOFFENMANAGER ® were incorporated into the database. The semi-quantitative STOF-FENMANAGER ® score was converted to an exposure estimate using the physical-form-dependent equations given in Schinkel et al. (2010) . The exposure estimates obtained were verified by running randomly chosen test situations (10%) through the original tools. Some differences were originally observed between the results generated within the ETEAM project and results obtained directly from the STOFFENMANAGER ® . This was caused by rounding of the coefficients used to convert the semi-quantitative score into quantitative exposure estimates provided in the paper by Schinkel et al. (2010) . Upon request, we were provided by TNO/ArboUnie with the actual coefficients used within STOFFENMAN-AGER ® , after which we obtained identical results. For ECETOC TRA v2 and v3 and MEASE the actual tools were used to obtain the exposure estimates (either using built-in batch mode of the tool or routines developed during the project).
To compare tool estimates with measurement data, we used the percentage of measurements exceeding the tool estimate (Schinkel et al., 2010) th percentile can be used if the data set represents a worst-case exposure situation. In the context of REACH, the percentiles refer to a specific dataset for an exposure scenario and its related exposure distribution. These thresholds were taken to represent a suitable level of conservatism for a dataset comprising all relevant measurements for a specific exposure situation. Conservatism was defined in this paper as:
• High, where ≤10% of measurements exceeded the tool estimate; • Medium, where 11 ≤ 25% of measurements exceeded the tool estimate; and • Low, where >25% of the measurements exceeded the tool estimate.
These criteria were not applied to the STOFFENMAN-AGER ® ; for this tool percentage of measurement exceedance was compared with the expected level based on exposure percentile (75 th or 90 th percentile) that was estimated by the tool.
The ratio of the measurement result over the tool estimate was calculated. Pearson correlation coefficients were calculated between the log-transformed measurement results and log-transformed tool estimates. Mixed model regression analyses were carried out to determine how predictive tool estimates are of measurement results; the statistical models included chemical agent and data provider as random variables and tool estimate as the fixed variable.
When using the measurement data that were provided in aggregate form (i.e. several measurements summarized in an arithmetic mean (AM) or geometric mean (GM) and a measure of the spread of the measurement results), the AM of the aggregated measurement series was compared with the tool estimate. Where AMs were not available, the GM and geometric standard deviation (GSD) were used to estimate the AM using (Lavoué et al., 2007) :
where m = ln(GM); s = ln(GSD); and N = number of measurements. The proportion of the aggregated measurements predicted to exceed the tool estimate was estimated using:
Where x i is an individual measurement result; T is the estimate obtained from the tool; and Φ{t} denotes the probability that a standard normal variate falls below T. To investigate whether the tools' performance varies by exposure scenario, we also present results stratified by PROC code, domain (industrial versus professional), presence of LEV, dustiness (in case of powder handling), and vapour pressure (in case of liquids).
The methodology for collecting, coding, and analysing the data as well as the quality assurance methodology were developed with input from the ETEAM Advisory Board (Tischer et al., 2017) .
Results
The final database contained 2098 individual inhalation measurements, mostly for situations involving exposure to volatile liquids. Process categories (PROCs) with the most individual measurements were: PROC 8b (Transfer of substance or preparation from/to vessels/large containers at dedicated facilities; n = 304), PROC 11 (non-industrial spraying; n = 303), and PROC 10 (Roller application or brushing; n = 271). In addition, a total of 566 aggregated data sets were obtained, covering 1843 measurements.
The individual measurement data, tool estimates, their correlations (in the log-scale), and ratios of the measured data to the corresponding tool estimates are summarized in Table 1 , together with the calculated percentage of measurements exceeding the tool estimates. For the aggregated dataset, corresponding tool estimates, ratios of the measurement versus the tool estimates, the predicted percentage exceedances, and the correlations between the log-transformed AMs of the measurements and tool estimates are shown by exposure category in Table 2 . Both individual and aggregated measurement results are plotted against the tool estimates for powders ( Fig. 1 ) and volatile agents ( Although the majority of the individual measurements were lower than the ECETOC TRAv2 tool estimates, a sizeable proportion exceeded the tool predictions: 30% for volatile liquids, 43% for metal abrasion, and 27% for powder handling. Weak positive correlations (r = 0.3) were observed between the tool predictions of exposure and the measurement results for volatile liquids, with a moderate correlation (r = 0.6) seen for powder handling situations and a negative correlation for metal abrasion (r = −0.3).
For the aggregated data, ratios of the measurement AMs over the tool estimates were highest for powder handling, with predicted percentage of measurements exceeding the tool estimates of 17% for volatile liquids, 8% for metal abrasion and 13% for powder handling. There was no positive correlation between the ECE-TOC TRAv2 estimates and the aggregated measurement results for volatile liquids, metal abrasion, or powder handling.
The ECETOC TRAv3 estimates were on average lower than those of ECETOC TRAv2, thus the ratios of the individual measurements over the ECETOC TRAv3 predictions and percentage exceedances were correspondingly higher. The correlation coefficients for ECETOC TRAv3 were almost identical to those for ECETOC TRAv2 (volatile liquids r = 0.3; metal abrasion r = −0.3; powder handling r = 0.7).
A predicted 22% of the aggregated measurements exceeded the ECETOC TRAv3 estimates for the volatile liquids, while for powders and metal abrasion it was 19% and 10%, respectively. As for ECETOC TRAv2, the AMs of the tool estimates were not positively correlated with the AMs of the aggregated measurements.
For MEASE, comparisons were carried out with individual measurement data for non-volatile liquids, metal abrasion, metal processing, and powders. MEASE estimates tended to be higher than measurement results, except for non-volatile liquids where the GM of the measurement results was very similar to that of the tool predictions. Sixty-seven percent of measurements for non-volatile liquids exceeded the MEASE estimate, although based on only a small number of measurements (n = 18). Around 30% of the individual measurements were greater than the tool predictions for metal abrasion and metal processing. For powder handling, 57% of the measurement results exceeded the MEASE estimate. A strongly positive correlation (r = 0.9) was observed between tool estimates and measurements for non-volatile liquids; however, only weak correlations were observed for metal processing and powder handling and a negative correlation for metal abrasion.
Similarly, mean MEASE estimates were generally higher than the mean of the aggregated measurement Table 1 . Summary of individual measurement data, tool estimates, and ratios of measurements to tool estimates (by tool and exposure category). results; but for non-volatile liquids, the AM and GM of the ratios of the measurements over the MEASE estimates were higher than 1, with a predicted percentage exceedance of 54%. For other exposure categories, the ratios and predicted percentage of measurements above MEASE predictions were lower. For metal abrasion, there was a non-statistically significant correlation between the AM of the measurement results and the tool estimates (r = 0.5), with no observed correlation between the tool estimates and measurements for metal processing and powder handling. The scope of applicability of the EMKG-EXPO-TOOL restricted the comparison to measurement data relating to exposure during handling of powders and use of volatile liquids. For volatile liquids, both the AM and GM of the tool estimates were above corresponding individual measurements, with relatively few measurement results (7%) exceeding the tool predictions.
Tool
For volatile liquids, correlations between tool estimates and measurement data were weak (r = 0.3). In contrast, for powder handling a strong correlation coefficient was observed (r = 0.7). For the latter category, a high percentage of measurement (44%) exceeded the tool estimates.
The average of the EMKG-EXPO-TOOL estimates for exposure to volatile liquids was much higher than the average aggregated measurement results, whilst for powder handling, the means of the EMKG-EXPO-TOOL estimates and measured data were similar. The ratios of measurements to tool estimates were low for both volatile liquids and powder handling; only 2% of the measurements for volatile liquids and 9% for powder handling predicted to exceed the EMKG-EXPO-TOOL estimate. The measurement results were not correlated with tool estimates.
The AM and GM of STOFFENMANAGER ® -generated 90 th and 75 th percentile estimates were gen- Based on the aggregated measurement data, the STOFFENMANAGER ® 75 th and 90 th percentile estimates for non-volatile liquids were less conservative (30% and 13% exceedance, respectively) than those for other exposure categories (12% and 6%; 7% and 3% for volatile liquids and powder handling, respectively). A moderate correlation between AMs of the aggregate measurement data and tool estimates was observed for volatile liquids (r = 0.5), but not for powders (r = 0.2). For non-volatile liquids, a negative correlation between the aggregate measurements and STOFFENMAN-AGER® estimates was observed.
Figures 1 and 2 also include the results of the regression analyses to determine how well the tools predict individual measurement results. In general, the slopes of the regression equations are <1, which indicates that tools are less conservative at lower exposure levels. The only exception was STOFFENMANAGER ® for powders where the slope of the regression line was nearly parallel to the 1:1 line. For EMKG-EXPO-TOOL (volatile agents) and MEASE (powders), the regression lines were nearly horizontal, indicating that these tools poorly predict exposure measurement results. Table 3 presents the combined results for the individual and aggregate data by exposure category. Tools were, in general, more conservative for powders than for liquids. Comparison of tool estimates with exposure measurements by PROC code Table 4 shows results of the comparisons of tool predictions for volatile liquids and powder handling based on the individual measurement dataset by allocated PROC code. Unfortunately, the ETEAM database does not include measurement results for all PROCs, and the validation exercise concentrated on those PROCs which were applicable for the majority of the tools. Table 4 only presents results from comparisons based on 20 or more individual measurements. For this subset, results suggest the number of measurements exceeding the tool estimates for volatile liquids and powder handling varies between different PROC codes. For example, a high percentage of measurements exceeded the estimates for ECETOC TRA v2 and v3 and STOFFENMANAGER ® (90 th percentile estimate) when volatile liquids used in a situation assigned to PROC 14 (tabletting, compression, extrusion, pelletisation, granulation). In addition, the ECETOC TRA tools did not appear to be conservative for PROC 7 (industrial spraying). In contrast, tool estimates were more conservative for exposure situations assigned to PROC 8b (transfer of substance or mixture-charging and discharging-at dedicated facilities) and PROC 9 (Transfer of substance or mixture into small containers-dedicated filling line, including weighing). Similarly for powder handling, tools were less conservative for PROCs 8a (transfer of substance or mixture-charging and discharging-at non-dedicated facilities) and 14 (except STOFFENMANAGER®) compared to PROCs 8b and 9.
Impact of tool input parameters on conservatism (individual measurement data)
The impact of tool input parameters (dustiness, vapour pressure, concentration in mixture, domain, and presence of LEV) on the level of conservatism was examined for volatile liquids and powder handling based on the individual measurement dataset (Table 5 ). The results suggest that domain (i.e. whether an industrial or professional setting) has an impact on the level of conservatism for both ECETOC TRA tools and MEASE, with the percentage exceedance consistently higher for the industrial domain.
Presence of LEV also impacts on the tools observed level of conservatism: for volatile liquids higher percentages of measurements exceeding tool estimates were noted across all tools for situations where LEV was present. Contrastingly, for powder handling, a higher percentage of measurements exceeded the tool estimates for situations without LEV. 
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With regard to vapour pressure of volatile liquids, conservatism for ECETOC TRA tools appeared to decrease with increasing volatility. When using STOF-FENMANAGER ® (90 th percentile), 19% of measurements exceeded the tool estimate when handling volatile liquids with a medium vapour pressure, compared to 3% and 5% for higher and lower volatility liquids, respectively. No clear trend could be observed for the dustiness level for powders.
No consistent trends were observed in relation to concentration in the mixture. For volatile liquids, ECE-TOC TRA tools appeared to be more conservative for the 1-5% mixtures compared to the other concentration categories. STOFFENMANAGER ® appears to be less conservative if the mixture consists of >25% of volatile agent, compared to other mixtures with lower contents.
Discussion
Although use of exposure modelling as an alternative or complement to workplace measurements has increased in recent years, driven greatly by REACH, few studies have previously reported on the performance of these tools (Bredendiek-Kämper, 2001; Tischer et al, 2003; Creely et al, 2005; Hughson and Cherrie, 2005; Johnston et al, 2005; Jones and Nicas, 2006; Lee et al, 2009; Kinder and Winteler, 2010; Lee et al, 2011) and even fewer studies evaluated more recently developed Tier 1 and 2 tools (Schinkel et al, 2010; Vink et al, 2010; Kupczewska-Dobecka et al, 2011; Koppisch et al, 2012; Hofstetter et al, 2013) . In general, exposure screening tools share a number of basic characteristics. They are designed to be generic (i.e. applicable across a wide variety of substances and activities), should be easy to understand and operate by a range of users and utilize a limited range of similarly generic inputs. To address the uncertainty within the tools they are designed to provide conservative exposure estimates. This paper described the results of comparisons between estimates of exposure screening tools and results of exposure measurements. External validation of exposure tools requires the collection of good quality and well-described measurement data covering the tool inputs (Bredendiek-Kämper, 2001; Marquart et al., 2007) , although this process is challenging even for the small number of required Tier 1 tool parameters (Tischer et al., 2003; Koppisch et al., 2012; KupczewskaDobecka et al., 2011) .
We approached various organisations to provide data, within Europe and elsewhere. We established an exposure database comprising of individual and aggregated data representing nearly 4000 measurements, with sufficient contextual information to code the various exposure tools.
Even though this is a reasonably sized measurement dataset, it is clear that it has some limitations. First of all, the measurements used in this study are not representative of all exposure situations that the tools are expected to cover under REACH. In particular, organisations tend not to carry out occupational hygiene surveys where there is no perceived risk, resulting in a paucity of measurements for activities or processes with low exposure levels. No measurements carried out solely for REACH purposes were made available to the project.
In addition, there appeared to be considerable differences in the performance when comparing data from different data providers. This could reflect collection of measurements using different sampling strategies (e.g. worst-case sampling strategy or measurements from inspection visits), possibly introducing some bias. The inclusion of exposure data from various countries in Europe as well as from the USA could also have caused some of these differences due to underlying differences in exposure levels for example due to the differences in occupational exposure limits. The inclusion of only relatively recent data (after 1990) reduces the impact of downward temporal trends in exposure levels, as previously observed (Creely et al., 2007) .
Data were provided either as individual measurements or as aggregate datasets. The results of the evaluation based on these two types of data were different. The correlation between aggregate measurements and the tool estimates was generally poorer than the correlation between tool estimates and individual measurements. Furthermore, tools appeared to be more conservative when results were based on aggregate data than when based on the individual measurements. Aggregated datasets generally combined measurements across different exposure surveys, comprising data from different locations and hence not identical exposure situations, and sometimes different chemical substances. Therefore, we believe the evaluation based on individual measurements to be probably most reliable and hence only individual measurement data were used when comparing the tool performance between different exposure situations and conditions.
The contextual information collected with the measurement data was generally sufficient to code the tool inputs. However, some uncertainty in terms of scenario conditions was present. The majority of the available measurement data were either task-based (i.e. with no non-exposed time) or 8-hour measurements where the main task reported in the scenario description lasted for more than half of the full shift. However, it is feasible that other, unrecorded tasks were carried during the measurement that would have contributed to the exposure. We did attempt to take account of non-exposed periods, but accurate information on non-exposed periods during the measurement period was not always available.
We aimed at collecting measurement data that were chemical agent-specific. However, 141 non-specific inhalable dust measurements were also included. These data were obtained from scenarios where the non-specific metric was used as a measure of exposure to the agent of interest. If other sources of inhalable dust were present in the workplace and hence the composition of the inhalable included other substances than the chemical agent of interest, then the measurement result will be an overestimate of the actual exposure to the specific agent. Excluding non-specific inhalable dust data resulted in an increased level of conservatism for powder handling activities for all tools, suggesting indeed that inhalable dust measurements may overestimate of the actual exposure.
Not all tools could be applied to each data point because the tool was not applicable for either the type of exposure situation and/or the exposure categorye.g. MEASE is not designed to address volatile organic substances and ECETOC TRA is not applicable for low volatility exposures involving aerosol formation. Similarly, EMKG-EXPO-TOOL is designed only for volatile agents and powdered substances. Furthermore, our database contained some data previously used to calibrate the STOFFENMANAGER ® tool which were therefore not used for its validation. Whilst ECETOC TRA is not recommended for pharmaceutical or carcinogenic, mutagenic or reproductive substances, this does not relate to the exposure estimation mechanism, but rather to a requirement for a more accurate assessment for these hazardous substances. In light of the relatively limited size of the overall dataset, it was therefore considered appropriate to include these data in the evaluation of the ECETOC TRA tools. Lamb et al. (2017) showed that tool estimates can vary considerably between different users. This clearly presents a problem when comparing the tool estimates with exposure measurements. We applied a quality control process (e.g. coding manual and training and data consistency checks) to mitigate the impact of such between-user variability on our study results. However, although these measures will have reduced the betweenuser variability within the coding team used in this study, it is likely that other (groups) of coders would at times have selected different model options and hence would have obtained different results.
The following sections discuss the results first by exposure category, followed by consideration of other factors of interest.
Volatile liquids
Based on the criteria described in the method section, our results suggest that only the EMKG-EXPO-TOOL is highly conservative for volatile liquids (Table 3) . This is most likely because the EMKG-EXPO-TOOL does not take into account the concentration of the substance in the mixture. Adjustment of the EMKG-EXPO-TOOL estimates for the mixture content would clearly reduce the observed conservatism, although it might improve the correlation with the measurements results. STOFFENMANAGER ® predictions of the 75 th and 90 th percentiles were in line with the percentage of measurements exceeding the tool estimates. The ECETOC TRA tools (v2 and v3) have a lower level of conservatism, in particular for situations that were considered to belong to PROCs 5, 7, 14, and 19 . The tools also were more conservative at higher exposure levels. ECETOC TRAv2 and v3 estimates were less conservative for volatile agents with high vapour pressure (>10 kPa) compared to volatile agents with lower vapour pressures. Lee et al. (2011) reported similar findings in a validation of the COSHH Essentials tool. For STOF-FENMANAGER ® , more exceedances were noted for the medium vapour pressure category, compared to the volatile agents with lower or higher vapour pressures.
Powder handling
Our results show that STOFFENMANAGER ® provides highly conservative predictions for powder exposures (Table 3) , which are in agreement with Koppisch et al. (2012) . The other tools were somewhat less conservative for powder handling.
The tools vary in their definition of dustiness, with MEASE and STOFFENMANAGER ® offering more options for the fugacity of solids than the ECETOC tools or the EMKG-EXPO-TOOL. MEASE appeared to be less conservative for medium dustiness, while the ECETOC TRA tools were somewhat less conservative for materials of high dustiness. Simple assumptions regarding the relationship of dustiness to particle size may not hold when applied to real workplaces, where environmental and storage factors may affect moisture content, and thus fugacity, greatly (Hughson and Cherrie, 2005) .
The level of conservatism of the tools varies between different exposure situations. However, care should be taken not to over-interpret the results as other factors could also be involved. For example, the observed level of conservatism differs between data from different providers and about 50% of measurements from one data provider for volatile liquids (for which only a small fraction of measurements were observed to be higher than the tool estimates) were allocated to PROC 8b.
For powder handling, the ECETOC TRA tools, MEASE, and EMKG-EXPO-TOOL were not sufficiently conservative for PROCs 8a and 14. PROC 8a describes materials handling/transfers at non-dedicated facilities, where the level of control can be lower than at those designed and engineered specifically for this purpose. In the validations of ART and STOFFENMANAGER ® , respectively, McDonnell et al. (2011) and Koppisch et al. (2012) suggested that tasks such as bagging and tipping are more influenced by worker behaviour than other, more controlled activities. This could also be postulated as a reason for the lower levels of conservatism at nondedicated facilities, where the manner in which a worker performs the task would have a higher impact on exposure than situations incorporating effective engineering controls.
Metal abrasion
The ECETOC TRAv2 (23% of the measurements exceeding the tool estimate) and MEASE (18% of measurements in exceedance) were of medium conservatism, with the ECETOC TRAv3 assigned a low level of conservatism (exceedance in 26% of cases; Table 3 ).
Metal processing
The only applicable tool to metal processing activities was MEASE, which was evaluated to provide estimates with a medium level of conservatism (14% of measurements exceeded the tool estimates; Table 3 ). However, results were based on few data points, mostly from welding/brazing and cutting tasks.
Non-volatile liquids
STOFFENMANAGER
® underestimated exposure for non-volatile liquids, while MEASE was not sufficiently conservative for this exposure category (Table 3) . For STOFFENMANAGER ® , the vast majority of measurements available concerned non-industrial spray activities performed outdoors without LEV, thus the underestimation could be related to this specific activity and/or location.
Effect of scenario descriptors on level of conservatism
The results presented in Tables 4 and 5 suggest that the level of conservatism varies across different exposure scenario descriptors. For example, levels of conservatism were lower for certain PROC codes-e.g. PROC 14 (tabletting, compression, extrusion, pelletisation, granulation), 5 (mixing or blending in batch processes), 7 (industrial spraying), 8a (transfer of substance or mixture-charging and discharging-at non-dedicated facilities), and 14. Unfortunately, it was not possible to comprehensively evaluate the performance of the exposure tools under all conditions. We were unable to create an exposure database with measurements covering all PROCs and exposure scenario conditions, and available measurements were rather limited when data were stratified by PROCs.
The MEASE, ECETOC TRAv2, and ECETOC TRAv3 tools gave less conservative estimates of exposure in industrial settings compared to professional environments (Table 5 ). The ECETOC TRAv3 tool allows greater input options for industrial settings (e.g. in combinations of ventilation controls), which may partly reflect in the observed results. For MEASE, ECETOC TRAv2, and ECETOC TRAv3, the observed differences in conservatism between settings may relate to the base exposure estimates for each domain to which modifiers are applied. Many of the industrial base estimates are lower than those for professional ones, on the assumption that industrial exposures are better controlled. Some of the tools assume that the effectiveness of control measures is higher in industrial compared to professional settings.
A possible link between tool-inherent exposure modifiers and the level of conservatism was observed in relation to use of LEV as a local control. For volatile agents, ECETOC TRAv2, ECETOC TRAv3, and EMKG-EXPO-TOOL were less conservative for situations with LEV, compared to situations without LEV. In contrast, for powder handling activities, all tools except STOFFEN-MANAGER ® were less conservative where no LEV had been used. The reason for these different impacts of LEV on the level of tool conservatism across volatile liquids and powder handling is unclear. All tools incorporate different assumptions about the effectiveness of available control measure input options and our findings are in accordance with those previously reported for COSHH Essentials (Jones and Nicas, 2006; Lee et al., 2009) , EMKG-EXPO-TOOL and EASE (Kindler and Winteler, 2010) as well as STOFFENMANAGER ® (Koppisch et al., 2012) where efficiency of control measures appeared to sometimes be overestimated by the tools. The actual performance of workplace controls varies greatly (Fransman et al., 2008) and thus may not always match the assumed effectiveness incorporated in the tools.
When considering the impact of concentration in the mixture on the degree of conservatism, no consistent trends were observed. For volatile liquids, the ECETOC TRA tools appeared to be much more conservative for the 1-5% mixtures compared to the other concentration categories.
Relationship between tool predictions of exposure with the workplace measurement data All the tools evaluated in this paper are described in the REACH guidance and can be considered as interchangeable for exposure assessment use under REACH. This implies at the least a degree of equivalence, albeit with caveats, regarding the validity of estimates (ECHA, 2016) . The association between tool estimates and measurement data as measured by the Pearson correlation coefficient and the slope from the mixed effects models, was generally better for powders (with the exception of MEASE) compared to other exposure categories. For metal abrasion, there appeared to be even a negative association between ECETOC TRA and MEASE estimates and individual measurements. When using the aggregate data, the correlations between tool estimates and measurements were generally much poorer and often negative, except for MEASE estimates for metal abrasion. Deviations from a 1:1 association between tool estimates and actual exposure levels demonstrate that the level of conservatism is not the same across the exposure range. Result presented here generally showed that that the association between the tool estimates and measurement results was <1 and at times negative, suggesting that tools were generally less conservative at lower exposure levels.
Conclusions
Results of this evaluation were broadly consistent with previous studies and demonstrate that tools are generally conservative. However, the level of conservatism can vary both between tools and exposure situations and conditions. Therefore, estimates may not be sufficiently conservatism as defined by the REACH guidance of using the 75 th or 90 th percentile of the exposure distribution for risk characterisation. Unfortunately, it was not possible to compile an exposure database covering all the relevant PROCs and exposure conditions. In addition, we used already existing data, which may not always be ideal for such a validation exercise. It is feasible that these limitations and the differences in methods and strategies of data collection used by the various data providers have impacted on the differences in level of conservatism between PROCs and exposure scenario conditions. However, this paper presented the most comprehensive evaluation of the performance of REACH exposure tools carried out to date. We believe that the results presented here provide the developers with important insight into where the exposure tools need to be improved and demonstrate the potentially large uncertainties that surround their use. The uncertainties concerning the external validity of the exposure estimates are in addition to those observed by Lamb et al. (2017) due to the between-user variability. Tools users should be aware of the impact of these uncertainties, which need to be identified and their potential impact on the outcome of the assessment clearly described. Above all users should implement quality control strategies to reduce, to the extent possible, those uncertainties associated with the use of the exposure tools. Ongoing development, adjustment, and recalibration, with new measurement data, of the tools is essential to ensure adequate characterisation and control of worker exposure to hazardous substances.
Supplementary Data
Supplementary data are available at Annals of Work Exposures and Health online.
